ABSTRACT In Stenotus rubrovittatus (Heteroptera: Miridae), mating behavior consists of male courtship and female mating receptivity. This behavior was shown previously to be correlated with female age. The ovaries of S. rubrovittatus females start to develop in the absence of mating and the development is correlated with age. Accordingly, the relationships between female age and ovarian development that affect the mating behavior of S. rubrovittatus were examined. Male courtship behavior was most active toward 3-d-old females, and almost all 3-d-old females were receptive to male courtship. The ovaries of 3-d-old females showed either signs of oogenesis or the presence of mature eggs. Fifty percent of the males courted females regardless of the stage of ovarian developmental stage, whereas almost all of females with undeveloped ovaries refused male courtship. However, the fraction of males exhibiting courtship behavior and receptive females peaked after the start of oogenesis. These results suggest that S. rubrovittatus males are able to sense, and thus to court, females whose ovaries are at least partially developed. In some heteropterans, including S. rubrovittatus, some ovarian development is needed in order for mating to occur.
The mating behavior of organisms is affected by factors that include their physiological state and their environment. In some species, mating receptivity depends on the developmental stage of the reproductive organs (Obata 1988 , Carsten and Papaj 2005 , Castañ é et al. 2007 ). Moreover, physiological conditions of one sex serve as environmental factors for the opposite sex. For example, female reproductive status has been shown to alter male courtship behavior (Kelso and Verrell 2002) .
Stenotus rubrovittatus (Heteroptera: Miridae) is a major pest of rice, Oryza sativa L., in Japan. To implement control strategies such as sex pheromone traps in the Þeld, it is necessary to understand the mating behavior. In S. rubrovitattus, mating behavior consists of male courtship and female mating receptivity (Okutani-Akamatsu et al. 2009 ). The frequency of male courtship behavior and female mating receptivity increase with female age after emergence (Okutani-Akamatsu et al. 2009) , and ovarian development is correlated with female age (Okutani-Akamatsu et al. 2007 ). In some heteropteran species, including S. rubrovittatus, the ovaries start to develop in the absence of mating (Adams 2000 , Vandekerkhove et al. 2006 , Castañ é et al. 2007 , Okutani-Akamatsu et al. 2007 , and females are able to mate when the ovaries are at least partially developed (Adams 2000) . Age (number of days) after emergence is often used as an index of the timing at which mating receptivity occurs (Takahashi and Higuchi 2006 , Castañ é et al. 2007 , Okutani-Akamatsu et al. 2009 ). However, ovarian development, and thus mating, is affected by the quality of the diet, with low-quality diet delaying ovarian development (Adams 2000 , Vandekerkhove et al. 2006 . Therefore, rather than age, ovarian development should be an appropriate index to explain the timing of mating receptivity. In the current study, we examined the effects of female age and ovarian development on the mating behavior of male and female S. rubrovittatus. The results are discussed in relation to Þndings of previous studies.
Materials and Methods
Insects. Adult S. rubrovittatus were collected from gramineous Þelds of the National Agricultural Research Center, Tsukuba, Japan (36Њ 01Ј N, 140Њ 06Ј E), on 26 May and 2 June 2008 and were allowed to lay eggs on millet, Setaria italica (L.) P. Beauvois, seedlings at 25ЊC and a photoperiod of 16:8 (L:D) h (light phase, 0600 Ð2200 hours; hereafter called laboratory conditions). Newly hatched nymphs were transferred onto wheat, Triticum aestivum L., seedlings and kept under laboratory conditions. S. rubrovittatus was reared in this manner for several generations. Fifth-instar nymphs were separately isolated in 50-ml vials, each containing Þve wheat seedlings, which were replaced every 5 d. Each vial was covered with a sheet of gauze to prevent nymphs from escaping, and the vials were maintained under laboratory conditions. S. rubrovittatus individuals were checked for the presence of emerged adults every morning. Emerged adults were used for the following experiments.
Mating Behavior in Relation to Time of Day. To determine the appropriate time to observe the mating behavior of S. rubrovittatus, virgin females (3 d after emergence) were separately isolated in 15-ml vials, each containing three wheat seedlings, and kept for 30 min under laboratory conditions. An unmated male (3 d after emergence) was then introduced into each of the vials and the behavior of both sexes (i.e., whether males courted females and whether the courted females were receptive to mating) was observed for 1 h. In S. rubrovittatus, mating starts with the initiation of male courtship behavior (Okutani-Akamatsu et al. 2009 ). When males recognize a female, they approach the female from behind. The male touches the back of the female with his antennae and mounts her back. If the female wants to mate, she stays put. The male then extrudes his aedeagus such that it contacts the femaleÕs genitals. At this point, mating is established. If the female refuses the maleÕs courtship, she kicks the male with her hind legs when he touches her. Consequently, the male fails to mate with the female and either tries again or gives up. Observations were conducted from 0700 to 0800 hours (n ϭ 23), from 1000 to 11:00 hours (n ϭ 24), from 1300 to 1400 hours (n ϭ 24), and from 1600 to 1700 hours (n ϭ 24). The percentage of males exhibiting courtship behavior was calculated as the number of males that had courted females divided by the total number of males, and the percentage of females receptive to mating as the number of females that had mated divided by the number of males that had courted females.
Effects of Female Age and Ovarian Development on Mating Behavior. To examine whether age and ovarian development affect male courtship behavior and female mating receptivity, virgin females of different ages (0, 1, 3, 5, 7, and 9 d after emergence) were prepared (n ϭ 25 for each age). The females were separately isolated into 50-ml vials containing Þve wheat seedlings and kept for 30 min under laboratory conditions. Then, an unmated male (3 d after emergence) was introduced into each of the vials, and the behavior of both sexes was observed for 1 h. Because female mating receptivity was higher in the morning than in the afternoon (see Results), mating behavior was observed between 1000 and 1100 hours. To conÞrm ovarian development in each female, all females were dissected immediately after observation, and their ovaries examined. According to the method of Okutani-Akamatsu et al. Statistical Analysis. To determine the appropriate time to observe mating behavior and to test the effects of female age and ovarian development on male courtship behavior and female mating receptivity, the entire data set was analyzed using a chi-square test. Chi-square tests were done to determine whether male courtship and female receptivity occurred 50% of the time. When an effect was determined to be signiÞcant at the 5% level, a post hoc Fisher exact test with Bonferroni correction was applied to compare between groups (Bonferroni-corrected signiÞcance level, either 0.003 or 0.008). The relationship between female age after emergence and ovarian development was evaluated using SpearmanÕs rank correlation coefÞcient (). The statistical software package JMP version 7.0.1 (SAS Institute 2007) was used for these analyses.
Results

Mating Behavior in Relation to Time of Day.
The percentage of males exhibiting courtship behavior did not differ with time of day that tests were run ( 2 ϭ 2.83, P ϭ 0.419; Fig. 1A) . However, the percentage of females that were receptive to males differed depending on time ( 2 ϭ 17.19, P ϭ 0.0006; Fig. 1B ), which was higher in the morning than in the afternoon.
Effects of Female Age and Ovarian Development on Mating Behavior. The percentage of males exhibiting courtship behavior differed among the different female age groups ( 2 ϭ 25.949, P Ͻ 0.0001; Fig. 2A) , with the highest percentage of male courtship behavior occurring in the presence of 3-d-old females. The percent- age of females receptive for mating also differed among the different female-age groups ( 2 ϭ 54.953, P Ͻ 0.0001; Fig. 2B ). Although the percentage of female mating receptivity was low at 0 d after emergence, it was nearly 100% at day 3 after emergence.
Female age was strongly correlated with ovarian development (SpearmanÕs rank correlation coefÞ-cient ϭ 0.823). In S. ruvrovittatus, approximately half of the females showed signs of vitellogenesis at emergence. However, signiÞcant ovarian development, including the presence of mature oocytes, did not occur until day 3 (Fig. 3) . In terms of ovarian development (Fig. 4) , male courtship behavior differed depending on the stage of ovarian development ( 2 ϭ 15.843, P ϭ 0.001; Fig. 4A ). Although the percentage of males exhibiting courtship behavior did not statistically differ between females with stage 1 and stage 3 or 4 ovaries, it peaked in those females in which oogenesis had begun (stage 3). Female receptivity to male courtship behavior also differed according to the stage of ovarian development ( 2 ϭ 52.523, P Ͻ 0.0001; Fig. 4B ), likewise peaking at stage 3.
Discussion
Male courtship behavior and female mating receptivity were correlated with female age, consistent with the results of Okutani-Akamatsu et al. (2009) . However, in this study, the highest percentage of male courtship behavior and female mating receptivity occurred in 3-d-old females, in contrast to the 5-d-old females in the study of Okutani-Akamatsu et al. (2009) . The age difference may have been due to dietary factors, because quality of the diet is known to affect ovarian development (Adams 2000 , Vandekerkhove et al. 2006 . In previous studies by OkutaniAkamatsu et al. (2007 OkutaniAkamatsu et al. ( , 2009 , S. rubrovittatus was fed a diet of seedheads of Italian ryegrass, Lolium multiflorum Lam., and southern crabgrass (Digitaria spp.), whereas in the current study the insects were fed wheat. Therefore, the difference in mating behavior observed in our study versus that of Okutani-Akamatsu et al. (2009) was probably due to diet. Although Okutani-Akamatsu et al. (2009) did not examine ovarian development, it was investigated in an earlier study on S. rubrovittatus fed the same plant species (Okutani-Akamatsu et al. 2007 ). According to previous work, Ͼ50% of 3-d-old females had stage one or stage two ovaries and Ͼ80% of 5-d-old females had stage three or stage four ovaries (Okutani-Akamatsu et al. 2007 ). In contrast, in our study, 96% of 3-d-old females had stage 3 or stage 4 ovaries. Accordingly, ovarian development, rather than female age, seems to be the most appropriate index to monitor timing of mating behavior in S. rubrovittatus. With respect to ovarian development, S. rubrovittatus females are likely to be receptive to mating at the start of oogenesis. In some heteropterans, ovarian development is required before mating will occur (Adams 2000 , Castañ é et al. 2007 , which also applies to S. rubrovitattus. There might be some physiological constraint that they cannot mate immediately after emergence. However, 50% of females with stage 2 ovaries also mated. Because ovarian development is continuous, deÞnitively identifying exact developmental stages is difÞcult. Thus, instead of stage 2, ovarian development may well have been early stage 3. Nonetheless, male courtship behavior peaked in the presence of stage three females. Thus, males may somehow be cued (e.g., visually or chemically) to recognize receptive females. However, because the relationship between male courtship behavior and ovarian development was not as clear as that concerning female mating receptivity, those cues might not be completely linked to ovarian development.
S. rubrovittatus males courted females regardless of the time of day, whereas female mating receptivity was higher in the morning than in the afternoon. This result suggests that S. rubrovittatus females show daily periodicity in mating, in contrast to the Þndings of Kichishima et al. (2009) , who did not observe daily periodicity in mating. In their study, 30 males and 30 females were introduced into a container at 0200, 0600, 1000, 1400, 1800, and 2200, and female mating status was checked 4 h after each introduction. The authors reported that Ͼ60% of the females had mated, regardless of the time. However, because many individuals were introduced into one container, these results may have been inßuenced by behavioral interactions between males and females. Our data did not allow daily periodicity in the mating of S. rubrovittatus to be analyzed further. To understand mating behavior of S. rubrovittatus in the Þeld, further studies are needed.
